Research in recent years has demonstrated that the Trypanosoma cruzi cysteine protease cruzain (TCC) is a valid chemotherapeutic target, since inhibitors of this protease affect the pathology appropriately. By exploring the N-acylhydrazones (NAH) as privileged structures usually present in antiparasitic agents, we investigated a library of 16 NAH bearing the 3-(4-substituted-aryl)-1,2,4-oxadiazole scaffold (NAH 3a-h, 4a-h). The in vitro bioactivity against epimastigote and trypomastigote forms of T. cruzi was evaluated, and some NAH under study exhibited antitrypanosomal activity at concentrations that are not toxic to mammalian cells. The series of compounds based on the 3-(4-substituted-aryl)-1,2,4-oxadiazole scaffold revealed the remarkable importance of each substituent at the phenyl's 4-position for the inhibitory activity. Non-nitrated compounds 3a and 4e were found to be as potent as the reference drug, Benznidazole. In addition, the molecular origin of the antitrypanosomal properties for these series was investigated using docking studies of the TCC structure.
Introduction
Chagas' disease or American trypanosomiasis, caused by the protozoon, Trypanosoma cruzi, and transmitted to humans by infected blood-sucking reduviid bugs of the subfamily Triatominae, continues to afflict millions of people in Latin American countries. The treatment of Chagas' disease is heavily reliant on chemotherapy using Benznidazole (Bdz), the only World Health Organization-recommended drug. There are, however, major concerns regarding its high toxicity and low effectiveness during the chronic phase of infection. 1, 2 Therefore, there has been a considerable interest in trying to find novel approaches to drug design and biological targets, as new ways of combating the parasite. Molecular targets of the parasite, such as the cruzain, 4 trypanothione reductase 5 and trans-sialidase 6 of T. cruzi have proved to be useful for the medicinal chemistry of new anti-T. cruzi drug candidates. 7 The T. cruzi cruzain (TCC) is a member of the papain superfamily of cysteine proteases, with structure and functions similar to the human enzymes cathepsins B, L, K, S, F, and V. 8 This cysteine protease is capable of degrading components of the extracellular matrix and is involved in the replication and nutrition of the parasite. 9 In view of these roles, TCC has emerged as a potential target for drug development in Chagas' disease treatment. 10 The first compounds investigated as potential TCC inhibitors were peptides and peptidomimetics functionalized using vinyl sulfones, epoxyketones or diazomethylketones groups. However, except for the family of dipeptidyl vinyl sulfones, it has generally been observed that most peptide inhibitors show low selectivity against related proteases (serine protease chymotrypsin), with a subsequent toxicity against the mammalian counterparts.
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In order to avoid this undesirable pharmacological profile, the replacement of a peptide backbone by a more rigid central scaffold has been considered and, in this scenario, N-acylhydrazones (NAH) have provided medicinal chemists with a solid strategy for the design of parasite cysteine protease inhibitors (CPs), including cruzain, falcipain-2, rhodesain and Leishmania cpB ( Fig. 1) . In these initial studies, a set of NAH libraries were investigated, exploring diverse molecular modifications such as bioisosterism, molecular simplification and the development of congener series. [12] [13] [14] [15] Moreover, the use of NAH subunit has enabled the discovery of a number of lead compounds with potent and selective activity against the replication of T. cruzi. 16, 17 For example, the adequate combination of the NAH subunit attached to a quinoxaline ring resulted the discovery of two new antitrypanosomal agents with IC 50 values of 15.9-20 lM against epimastigotes of T. cruzi (Tulahuen 2 strain) at concentrations that do not overtly affect J774 mouse macrophages, as exemplified by LASSBio-1019 ( Fig. 1 ). In the course of this work, in silico studies of molecular docking of these quinoxaline-NAH were conducted to establish substantial hydrogen bond interactions with the TCC structure, which possibly acted by way of targeting the TCC enzyme. 16 From the point of view of medicinal chemistry, NAH are endowed with the interesting capacity of being able to interact with diverse bioreceptors, owing to their ability to establish Hbonding sites and the theoretical feasibility of adopting a unique conformational orientation. 18 This profile suggested that the NAH subunit would be of crucial importance in the process of molecular recognition by the target. Another structural feature of the NAH moiety is its non-peptidic and achiral nature, which, in addition to its being synthetically treatable, thereby makes its suitable for performing structure-activity relationships (SARs). It stands to reason that the NAH have assumed the position of authentic privileged structure for the structural design of new drug candidates, as recently reviewed by Barreiro and coworkers.
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In this study, we report the synthesis of two new series of 3-(4-substituted-aryl)-1,2,4-oxadiazole-N-acylhydrazones and their in vitro activity against epimastigote and trypomastigote forms of T. cruzi, as well as their interaction with the TCC structure, as determined by molecular docking studies. In our design, the oxadiazole heterocycle was selected as a trypanocide scaffold, for reason of its previously observed antiparasitic properties, 20 and because it is recognized as a amide bioisoster, in addition to being chemically more stable than peptide bonds 21 2. Chemistry
Synthesis
The substituted 3-(4-substituted-aryl)-1,2,4-oxadiazolyl-Nacylhydrazones 3a-h and 4a-h (Scheme 1) were prepared from arylamidoximes. After the cyclocondensation reaction between arylamidoximes and methyloxalyl chloride under reflux in dry THF, the intermediates bearing an 1,2,4-oxadiazole ring (1a-h) were obtained and then converted into 1,2,4-oxadiazolylcarbohydrazides (2a-h) by reaction with hydrazine hydrate in ethanol at 0°C for the duration of 60 min. 22 Usually, the condensation reaction between hydrazides and appropriate 4-substituted phenylaldehydes is achieved by refluxing the reactants under acid catalysis in protic solvent. However, a mixture of Z/E-isomers is often reported, mainly for reaction procedures that are only possible at high temperatures or for prolonged reaction periods. In a prior study involving the synthesis of N-acylhydrazone derivatives, a method employing free-catalyst conditions under reflux developed by our group yielded the E-isomers as major products, although with long reaction times (4 h). 23 Theoretical calculations for the configurational and conformational energies of these Z/E-isomers showed that a planar and more stable conformation for the E-isomer is achieved, this being the thermodynamically preferable product.
Recently, a report described that the NAH derivatives can be satisfactorily synthesized under acid catalysis for 30 min at rt.
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This mild and rapid procedure was also observed in our laboratory during the synthesis of NAH derivatives. Interestingly, only a very short reaction time (10 min) was required to furnish the desired products, 3a-h and 4a-h, in very good to excellent yields with no detected by-products. Some physical and chemical properties of these NAH are summarized in Table 1 .
Molecular modeling
Analysis of the structures and conformation of compounds 3a-h and 4a-h was carried out using the AM1 method, 25 available as part of the BIOMEDCACHE suite of programs, 26 using internal default settings as convergence criteria. Each of the most stable conformers of the E-isomers was subsequently selected for the docking analysis. The docking analysis was carried out on the TCC binding site (PDB code: 1U9Q), 27, 28 where the enzyme's residues are in close proximity to the inhibitor named as '186', a fluoromethyl ketone dipeptide that was co-crystallized in complex with the cruzain. This crystal structure is the monomeric catalytic domains termed X and the active site was narrowed down to all atoms within a sphere of radius 5.0 Å, as determined by the co-crystallized ligand '186'. The GOLD 4.0 program and HERMES 29 interface software were used for docking calculations, and all solvent molecules and the co-crystallized inhibitor were removed from the structure. The theoretical binding profile proposed for 3a-h and 4a-h ligands with TCC was determined as the highest (most positive) scored of 10 possible solutions for each ligand, ranked according to their fitness scores calculated using the GOLD docking function. We decided to evaluate the binding patterns of compounds 3a-h and 4a-h at the TCC active site in theoretical docking terms, and compare these results with ligand '186' and also with the trypanocidal reference drug, Bdz.
3. Pharmacology
Assessment of cytotoxicity and antitrypanosomal properties
The in vitro cytotoxicity of all compounds was evaluated in cultures of mouse splenocytes, and expressed as the highest non-cytotoxic concentration for spleen cells. The compounds were then tested in vitro against epimastigote (proliferative) and trypomastigote (bloodstream) forms of T. cruzi (Y strain). Anti-T. cruzi properties were expressed in terms of the IC 50 (lM) values, calculated after 11 days for epimastigotes and 24 h for trypomastigotes of treatment with each drug. Benznidazole (Bdz) and Gencian Violet (GV) were used as reference trypanocidal drugs. The SARs were qualitatively discussed on the basis of the chemical substitutions performing on the aromatic ring.
Toxicity in mice
The two most potent NAH derivatives were submitted to an assay for general toxicity in mice treated intraperitoneally with compounds 3a and 4e at a single dose of 100 mg/kg. Animals were monitored for signs of general toxicity, including behavior and feeding, until 72 h after treatment.
Discussion
The analysis of the 1 H NMR spectra of the crude product revealed that most 3a-h compounds essentially adopted the E-configuration in solution and only in some cases were traces of Zisomers observed ( Table 1 ). The isomeric ratio of NAH derivatives was appropriately established by specific signals in the 1 H NMR spectra and confirmed on the basis of data reported in the literature. 23, 24 For instance, the NH protons of compounds 3a-h allow this attribution, albeit with a remarkable tendency to undergo rapid exchange with the solvent. Fortunately, the NHCOCH 3 proton also generates specific signals for each isomer and furnishes a better evaluation set because neither superimposition with aromatic protons nor considerable exchange occurs. On analysis of the splitting of the NH of acetamide, the signal at higher chemical shift values was attributed to the E-isomers, while, in the case of the Zisomers the NH proton has a lower deshielding effect. Likewise, signals associated with the aromatic ring could be of value in determining this diastereomeric relationship, though in some cases superimposition of signals led to quantitative limitations. The E/Z-ratio for the 4a-h series behaved differently, since the Z-isomers constituted 9-11% of the diastereomeric mixture, despite the fact that no special effort had been made to isolate them. Tautomerism may be involved during the formation of Z-isomer, given that it is theoretically feasible that the hydroxyl group may
Synthesis of NAH 3a-h and 4a-h. 33 play a part in tautomeric equilibrium in solution via a proton transfer. This kind of tautomerism is consistent with the lability and free rotation required to form the Z-isomer from the E-isomer, although additional experimental data are not available at present. The suggested tautomeric conversion is depicted in Scheme 2. In addition to the pair of signals associated with the NH of the acyl-hydrazone group and to the split aromatic protons characterizing the E/Z-isomers, the series of compounds, 4a-h, exhibited two different signals attributed to the hydroxyl group at around d = 10.08 ppm (Eisomer) and at d = 9.99 ppm (Z-isomer), reinforcing the qualitative analysis.
Once their structure had been elucidated, all compounds were tested as antitrypanosomal agents and the results of this are shown in Table 2 . The 3a-h series shares an acetamide group, while the molecules of the 4a-h series bear a hydroxyl group. Such groups were selected because of the chemical reactivity of hydroxyl and the neutral nature of the acetamide. In medicinal chemistry, the acetamide is considered to be the simplest model for a peptide fragment. Besides, both chemical groups are endowed with the capacity to form intermolecular hydrogen bonds with biological targets. It was observed that such groups generated two distinct sets of antitrypanosomal agents, and the SARs will first be discussed separately for each series.
Analysis of the NAH belonging to the 3a-h series showed that the non-substituted derivative 3a was very active against epimastigote and trypomastigote forms of T. cruzi at non-cytotoxic concentrations. On comparing the inhibitory activity of 3a and the analogue methyl substituted 3b, the latter proved to be more active and to have a potency similar to that of Bdz, although of higher cytotoxicity among the 3a-h series. By contrast, on replacement of methyl by other substituents (compounds 3c-3h), these inhibitory properties were lost.
For the 4a-h series of NAH, it was initially observed that, although of moderate potency against the trypomastigote, the non-substituted derivative 4a was inactive against the epimastigote form. The replacement of an hydrogen (4a) by methyl (4b) or methoxy (4g) at the para-position improved potency against both forms of the parasite, but a concomitant loss of selectivity was observed in 4b. The potency of methyl (4b) and fluorine (4c) derivatives was also compared, since methyl and fluorine are of similar size. The fluorine was twice as potent as the methyl derivative against epimastigote, although the two were equipotent against the trypomastigote form.
Analysis of the NAH derivatives bearing halogen substituents gave rise to the observation of interesting SAR. Compared with the non-halogenated parent, 4a, each one of the para-halogenated analogues exhibited an increase in the antitrypanosomal activity, the order of potency being: 4c (F) > 4e (Br) = 4d (Cl). In fact, these differences in potency are consistent with the molecular modification performed, because the influence of halogen substituents on biomolecular interactions does not occur because of steric differences alone, but also as a result of modification of thermodynamic parameters. 32 Apart from the bromine, 4e, which was capable of inhibiting the parasite at non-cytotoxic concentrations against mammalian counterparts, the chlorine, 4d, and fluorine, 4c, derivatives were cytotoxic for the mammalian cells. The nitro derivative (4f) was as potent as the halogenated derivatives, but it proved cytotoxic in mammals. The hydroxyl derivative (4h) exhibited the weakest antitrypanosomal activity of the entire series. In fact, the 4h also exhibited the lowest c log P value a Calculated from seven concentrations using data obtained from at least three independent experiments (SD less than 10% in all cases). Nd., not determined, due to the lack of activity against epimastigotes. b Expressed as the highest concentration tested non-cytotoxic for mouse splenocytes. Values in lM are shown in parentheses.
c Bdz is Benznidazole and GV is Gencian Violet.
of the 4a-h series (Table 1) . One plausible explanation for this weak activity is the lipophilic effect, because low lipophilicity in often associated with problems regarding the permeability of the cell membrane.
In the light of these results, the structures of NAH 3a-h and 4a-h (E-isomers) were subjected to docking analysis of the TCC structure, in an effort to gain information on the molecular origin of the antitrypanosomal properties of these NHA derivatives. The GOLD program was used to identify favourable conformations and possible interaction regions at the active site of the enzyme. All the topranked conformations of 3a-h, 4a-h and Bdz were orientated in such a way as to insert themselves into the same pocket of the TCC structure, and their docked locations on the active site were very close to that occupied by the co-crystallized ligand '186'. Figure 2 shows a superimposition of these docking solutions alongside the docking of the ligand '186' that was co-crystallized with TCC.
In the light of this interesting finding, we decided to compare in vitro and in silico results in order to gain an understanding of the SARs of this family of NAH. This comparison appears to be relevant, given that the 3a-h and 4a-h NAH represent two congener series that share structural similarities and whose in vitro data for IC 50 represent a quantitative parameter. Given this, the GOLD score was plotted against the pIC 50 data (determined from IC 50 values against trypomastigotes). The results are shown in Table 3 . In addition, for a better illustration of this comparison, some of the results in Table 3 were converted into Figure 3 , although this illustration does not constitute a statistical correlation, but a comparison of in vitro and in silico results.
Analysis of this comparison suggests that, with the exception of a few outliers, the NAH derivatives with more stable GOLD scores on TCC were also the more potent in vitro antitrypanosomal agents. For example, Figure 3 shows that the 4e and 4f NAH, which are the most active of the 4a-h series, also present the most positive scores, or conversely, possess higher (theoretical) affinity for the TCC structure.
In an attempt to explain the differences between the docking scores, an analysis of the polar interactions (hydrogen bonds) for the docked ligands on the active site of TCC structure are summarized in Table 4 , along with the distances between the donor and acceptor atoms involved in this interaction by way of ligand-enzyme complexation. Additionally, details were provided of the docking positions for a number of NAH derivatives, along with the position of the crystallographic ligand '186' (Figs. 4-6 ). Docking positions were captured using the PYMOL v 0.99X program. The '186' inhibitor establishes hydrogen bonds with the key residues, Gln19, Gly66 and Asp158, with respective measurements of 2.84, 3.05 and 3.12 Å. Modeling indicated that the N-acylhydrazone subunit is accommodated on hydrophilic pocket of the active site of the TCC, while that of the phenyl adjacent to the 1,2,4-oxadiazole ring is accommodated on a small hydrophobic pocket, located close to the Gln19 residue. It is worth pointing out that the molecules of the 4a-h series establish a hydrogen bond (H-bond) with the Asp158 by way of the carbonyl group of the N-acylhydrazone subunit. On the other hand, interactions with the Asp158 residue for the 3a-h series predominantly involve the nitrogen atom of the N-acylhydrazone subunit. Particularly noticeable are the interactions of the acetamide group (3a-h series) with the Met68 residue, while the hydroxyl group (4a-h series) is generally found to interact with the Glu205 residue. Furthermore, the pocket that the 4a-h series occupies is hydrophobic in the vicinity of Gly66 and bounded by an electronegative region marked by Asp158 and Glu205. This provides one initial explanation for the difference in antitrypanosomal activity observed within the NAH series.
With regard to the SAR within 3e and 4e, the docking analyses provided a number of explanations. The 3e derivative, which possesses a bromo substituent, was the NAH of those tested which presented the most stable GOLD score, but was inactive against the parasite. By contrast, another bromo analogue (4e) also presented a stable GOLD score, but in this case, it was much more potent in inhibiting the cell culture of parasites than 3e. In fact, analysis of the TCC residues predicted by docking studies reveals that these two compounds have slight differences in terms of docking interactions with the enzyme. Figure 4 shows the NAH derivative 3e establishing H-bonds with the Asp158, Asn69 and Met68 residues, with distances of 1.91, 2.56 and 2.34 Å respectively, while Figure 5 shows that the NAH derivative, 4e, forms H-bonds with Glu205, Gly66, and Asn69 of 1.83, 3.29, and 3.56 Å in length, respectively. Likewise, Figure 4 demonstrates that Asp158 is involved in the bidentate H-bond with the oxygen atom on the 1,2,4-oxadiazole ring and with the nitrogen (NH) in the amide group for derivative 3e. This kind of interaction with the Asp158 residue is a singular observation and was not seen in other NAH derivatives in the course of this study. Therefore, despite the excellent GOLD score value, this specific interaction predicted for derivative 3e apparently did not contribute to efficient interaction with the target. Examination of the TCC complex with the 4g and 4h NAH showed that neither the hydroxyl (4h) nor the methoxy (4g) group establishes an H-bond with the enzyme (Figure 6 ), although 4g results in a more stable complex (GOLD score) with the TCC than 4h. In these cases, it is reasonable to suggest that the methoxy group gives rise to steric change, causing a favourable reorientation of the TCC pocket, which partly explains why 4g is more potent than compound 4h.
The final consideration regarding the in silico studies concerns the manner of inhibition of the TCC enzyme, that is, by covalent or non-covalent binding. Analysis of the general structures of the NAH reveals, from a theoretical point of view, that this subunit possesses sufficient reactivity to establish covalent interactions with protease, mainly when considering the resonance structures or tautomers, as previously highlighted.
14 Finally, given the demonstrated potency of compounds 3a and 4e, it was decided to perform an acute toxicity assay in mice, using a single administration (ip) of 100 mg/kg. This experiment showed that the tested compounds (3a and 4e) are non-lethal in mice, although the mice presented few behavioral signs after administration, and suggests that these are suitable for further in vivo studies of T. cruzi infection.
Conclusion
In conclusion, initial investigation of the medicinal chemistry of anti-T. cruzi agents resulted in the establishment of a set of SARs and the identification of new bioactive compounds. Among these, NAH 3a and 4e are especially worthy of note, as they proved to be potent antitrypanosomal agents and of low toxicity both in vitro and in vivo, assuming the position of lead-compounds. Notable chemical features of these two lead-compounds are their non-nitrated, non-peptidic and achiral natures, since such properties are considered as important criteria for the development of antitrypanosomal drug candidates. 7 The docking patterns of the NAH series were similar to those of the '186' co-crystallized inhibitor, and display polar interactions with key residues of the active TCC site, such as Gly66, Asp158 and Asn69. The understanding of the manner of docking of our N-acylhydrazones on TCC was also consistent with the SARs observed, thereby providing a useful platform for a future structure-guided design of analogues with optimized potency.
6. Experimental protocols
Chemistry
Melting points were determined on a Gallenkamp capillary apparatus and are uncorrected. Infrared spectra were recorded using KBr discs on a Perkin-Elmer Paragon 500 FT-IR spectrometer. 1 H NMR spectra were recorded on a Bruker DPX-200 spectrometer, with chemical shifts d reported in ppm unities relative to the internal standard TMS, using DMSO-d 6 as solvent. Mass spectra were obtained by using the Finnigan mass spectrometers, model MAT 8200 for low-resolution mass spectrometry (MS) and the MAT 95 for high resolution mass spectrometry (HRMS). Values for HRMS lie within the permitted limit intervals with resolution of 10000. The reactions were monitored by thin-layer chromatography (TLC) performed on silica gel plates prepared with Silica Gel 60 (PF-245 with gypsum, Merck) of a thickness of 0.25 mm. The developed chromatograms were visualized under ultraviolet light at 254-265 nm. For column chromatography, Merck Silica Gel 60 (230-400 mesh) was used. All common laboratory chemicals were purchased from commercial sources and used without further purification. Compounds 1a-h and 2a-h were prepared according to literature procedures. 22 
General procedure for preparation of compounds 3a-h and 4a-h
To a stirred suspension of 0.01 mol of appropriate hydrazide in 5 mL of ethanol were added 3-4 drops of concentrated sulfuric acid, when the suspension changes into a clear solution. Then, the respective aromatic aldehyde (0.015 mol) previously dissolved in 5 mL of ethanol was added to the mixture at room temperature. After few seconds, a colored solid fell down and the mixture was stirred for 10 min prior to addition of 10 mL of water. After vacuum filtration, washing with cold water/ethanol 1:1 and then with cold water gave the desired compounds. Recrystallization from dioxane/water (1:1, v/v) mixture afforded the powdered final products. The yields, melting points, spectroscopic and spectrometric data are listed below for each compound. 
